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Seamless integration of biological components with electrochemical sensors is critical

in the development of microdevices for cell analysis. The present paper describes the

integration miniature Au electrodes next to immune cells (macrophages) in order to

detect cell-secreted hydrogen peroxide (H2O2). Photopatterning of poly(ethylene

glycol) (PEG) hydrogels was used to both immobilize horseradish peroxidase

molecules onto electrodes and to define regions for cell attachment in the vicinity of

sensing electrodes. Electrodes micropatterned in such a manner were enclosed inside

poly(dimethylsiloxane) fluid conduits and incubated with macrophages. The cells

attached onto the exposed glass regions in the vicinity of the electrodes and nowhere

else on the non-fouling PEG hydrogel surface. A microfluidic device was converted

into an electrochemical cell by placing flow-through Ag=AgCl reference and Pt wire

counter electrodes at the outlet and inlet, respectively. This microdevice with

integrated H2O2-sensing electrodes had sensitivity of 27 lA=cm2 mM with a limit

of detection of 2 lM. Importantly, this microdevice allowed controllable seeding of

macrophages next to electrodes, activation of these cells and on-chip monitoring of

H2O2 release in real time. In the future, this biosensor platform may be utilized for

monitoring of macrophage responses to pathogens or for the study of inflammatory

signaling in micropatterned cell cultures. VC 2011 American Institute of Physics.

[doi:10.1063/1.3624739]

INTRODUCTION

Inflammatory processes play an important role in a number of pathologies including diabe-

tes,1 cancer,2 and tissue fibrosis.3 Molecules released by immune cells during inflammation are

critical in combating pathogens. Macrophages are immune cells that reside in the tissue and are

first to respond to invading pathogens. These cells have produce an array of inflammatory

markers including cytokines and reactive oxygen species (ROS).4 ROS is a collective term that

refers to chemical species formed by incomplete reduction of oxygen, including superoxide anion

(O2
��), hydrogen peroxide (H2O2), and hydroxyl radical (�OH).5 ROS compounds such as super-

oxide anion (O2
��) are unstable and, upon degradation, form a more stable H2O2 compound. ROS

molecules are released by macrophages and other immune cells to eliminate pathogens and

cleanse site of the injury. Therefore, appearance of ROS is an important indicator of inflammation

and may serve as a diagnostic marker of the immune system interaction with pathogens.

Bioanalytical approaches for detection of H2O2 described in the literature include chemilu-

minescence,6 fluorescence,7 and electrochemistry.8,9 The latter approach is particularly attractive

due to simplicity and reliability of measurements, and the possibility for miniaturization. Elec-

trochemical biosensors commonly rely on the enzyme, horseradish peroxidase (HRP)—an oxi-

doreductase enzyme that catalyzes reduction of H2O2. This reduction can be detected at the

electrode either directly,10,11 or through redox mediators such as ferrocene- and osmium-based
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redox polymers.12–14 Electrochemistry has also become a powerful tool for monitoring electro-

active metabolites secreted or taken up by living cells.15–19 In terms of monitoring of oxidative

stress, there have been several reports of electrochemical biosensors for the detection of nitric

oxide secreted from cells20–22 and a recent report describing H2O2 release from leukocytes.13

However, several technical challenges cell sensing remain unaddressed, including: (1) how to

position cells near the sensing electrodes and (2) how to ensure that, while reporting on cell

function, these electrodes remain non-fouling and unaffected by cellular activity.

The goal of this paper was to develop a biomaterial micropatterning strategy to enable re-

producible placement of macrophages in the proximity of H2O2 biosensors and to ensure that

the sensing electrodes were not fouled. To achieve this, we utilized poly(ethylene glycol)

(PEG) hydrogel photolithography—an approach employed by us previously to design cell-sur-

face interactions.23–25 In addition to preventing cell attachment, PEG hydrogels provide an

excellent matrix for entrapment of enzymes26–28 and also prevent electrode fouling.29,30

Recently, we demonstrated the use of PEG hydrogel micropatterning for fabricating enzyme-

based electrodes for detection of glucose and lactate.28

In the present study, the enzyme-electrode fabrication process was modified to include sites

for cell attachment next to enzyme electrodes (Figure 1). A micropatterned cell cultur-

e=biosensor surface was incorporated into a two-channel microfluidic device with flow-through

reference (Ag=AgCl) and counter (Pt) electrodes. This microdevice was used to seed, culture,

activate macrophages, and monitor dynamics of H2O2 release from these cells. Microfluidic

chambers allowed us to decrease the volume of electrochemical cell to 3 ll and to control deliv-

ery of stimulants to cells. In the future, we envision placing biosensors for several analytes next

to cells for multi-parametric analysis of cell function. Microfluidic devices with integrated bio-

sensors will also be useful for cell cultivation with on-chip monitoring of cell function.

MATERIALS AND METHODS

Materials

Poly (ethylene glycol) diacrylate (PEG-DA, MW 575), 2-hydroxy-2methyl-propiophenone

(photoinitiator), 99.9% toluene, H2O2, PMA (Phorbol 12-myristate 13-acetate), and HRP were

FIG. 1. (a) Upper panel: schematic of a single electrode for detection of cell secreted H2O2. Macrophages are captured on

a micropatterned surface in the vicinity of sensing electrode. The sensor consists of an HRP-carrying hydrogel disc immo-

bilized on top of 300 lm diameter Au electrode. Each channel constituted an electrochemical cell with Ag=AgCl flow-

through reference and Pt wire counter electrodes placed at the outlet and inlet, respectively. Lower panel: There were two

parallel microfluidic channels in the device, with 4 individually addressable electrodes in each microfluidic channel. Each

fluidic channel had a volume of 3 ll. (B) Step-by-step diagram for immobilizing HRP carrying hydrogel microstructures on

top of Au electrodes.
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purchased from Sigma (St Louis, MO, USA). Chromium etchant (CR-4S) and gold etchant

(Au-5) were from Cyantek Corporation (Fremont, CA). Positive photoresist (S1813) and its

developer solution (MF-319) were brought from Shipley (Marlborough, MA). 3-Acryloxypropyl

trichlorosilane was from Gelest, Inc. (Morrisville, PA). Phosphate buffered saline (PBS, 0.1 M,

pH 7.4) without calcium and magnesium was from Fisher Scientific and used to prepare aque-

ous solution. Poly(dimethylsiloxane) (PDMS) and its curing agents were purchased from Dow

Corning (Midland, MI). J774 Macrophages cell line was purchased from American Type Cul-

ture Collection (ATCC). Alexa546-Streptavidin was obtained from Invitrogen (Carlsbad, CA).

Fabrication of Au electrode arrays

The layout of electrode array was prepared in AutoCAD, converted into plastic transparen-

cies by CAD Art Services (Portland, OR) and then transferred onto quartz=chrome plates using

standard microfabrication approaches. The fabrication of gold electrodes has been described in

our previous reports.28,31 Briefly, standard (75 mm� 25 mm) glass slides were sputter-coated

with 15 nm Cr adhesion layer and 100 nm Au layer by Lance Goddard Associates (Santa Clara,

CA). Positive photoresist was micropatterned on top of Au=Cr and used as a protective layer

during wet etching of the metal. As shown in Figure 1(a) (lower panel), resulting Au micropat-

terns consisted of eight electrodes connected by leads to contact pads for individual addressabil-

ity. Each Au electrode was 300 lm in diameter with 16 lm wide lead and 2 mm� 2 mm

square contact pad. After wet etching, the photoresist layer was retained on top of the Au pat-

tern and was used as a protective layer during silanization procedure described below. If left

unprotected, Au regions became irreversibly insulated by the silane layer.

Integration of enzyme-containing hydrogel microstructures with Au electrodes

The glass substrates with photoresist-covered Au electrodes were modified with acrylated

silane according to the protocol described by us previously.31 This step was necessary to ensure

anchoring of hydrogel structures onto glass substrates. After the silane modification step, sub-

strates were sonicated in acetone for 2 min to remove the photoresist and then placed in an

oven for 3 h at 100 �C to crosslink the silane layer.

When preparing enzyme electrodes, HRP was dissolved in PBS buffer (pH 6.0) to reach

the concentration of 10 mg=ml. In addition, glutaraldehyde was added to the enzyme solution

at 2% (v=v) to improve enzyme retention. In parallel, the prepolymer solution was prepared by

adding 2% (v=v) photoinitiator (2-hydroxy-2-methyl-propiophenone) to 1 ml of pure PEG-

diacrylate (DA) (MW 575). The HRP-PEG hydrogel prepolymer solutions were prepared by

adding 5 lL, 10 lL, 20 lL, and 40 lL of the enzyme solution mixed with glutaraldehyde into

50 lL of PEG-DA. Therefore, four different volumetric ratios of HRP:PEG were prepared:

1:10, 1:5, 2:5, and 4:5. The mixture was stirred for 4 h at 4 �C to better distribute enzyme mol-

ecules in the prepolymer.

The procedure for patterning hydrogel microstructures on electrodes is described schemati-

cally in Figure 1(b). PEG-based prepolymer solution was spin-coated at 800 rpm for 4 s onto

glass slides containing Au electrode patterns. A photomask was registered with an electrode

pattern and then exposed to UV light at 65 mW=cm2 for 10 s using Omnicare 1000 light source

(EXFO, Mississauga, Ontario, Canada) to convert liquid prepolymer into cross-linked hydrogel.

The surfaces were developed in de-ionized (DI) water for 3 min to remove unpolymerized PEG

precursor solution. Enzyme carrying hydrogel microstructures were made larger than Au elec-

trodes—600 lm and 300 lm diameter for hydrogel and Au features, respectively. This was

done to ensure that hydrogel elements attached to the silanized glass regions of the substrate.

Sites for cell attachment were created by micropatterning a second hydrogel layer in regis-

tration with hydrogel=Au electrodes. This second gel layer did not carry HRP molecules and

was used to define 300 lm wide annular cell adhesive regions on the glass surface. The micro-

patterned glass surfaces were incubated with collagen (I) (0.2 mg=ml) for 30 min to promote

attachment of macrophages to glass (see Figure 3). To visualize immobilization of protein
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molecules in the regions designated for cell attachment, micropatterned surfaces were incubated

with avidin-Alexa546 conjugate and imaged using fluorescence microscopy.

Fabrication of microfluidic devices for detection of cell-secreted H2O2

Electrode-containing micropatterned surfaces were outfitted with microfluidic conduits in

order to control delivery of cells and activating reagents, and to carry out electrochemical

experiments in a small volume (see Figure 1(a) lower panel for device layout). Poly(dimethylsi-

loxane) (PDMS)-based microfluidic devices were fabricated using standard soft lithography

methods. The design of these devices was described in detail in our previous publication.32

Briefly, a microfluidic device contained two working chambers with width-length-height dimen-

sions of 6� 10� 0.1 mm (volume 3 ll). Inlet and outlet for these chambers were punched with

a blunt 16 gauge needle. A PDMS layer also included a web of auxiliary channels that had no

communication with the working channels and had a separate inlet=outlet. These auxiliary

channels were used to apply negative pressure and to suction the PDMS onto micropatterned

glass substrates. The pressure-driven flow was generated by a precision syringe pump (Harvard

Apparatus, Boston, MA). All the electrochemical experiments described in this paper were

done inside a microfluidic device.

In these experiments, a flow-through Ag=AgCl reference electrode was positioned at the

outlet of the fluidic device and connected to a syringe pump. A blunt 20 gauge needle carrying

a plastic hub with volume of 100 ll was inserted in the inlet. The Pt counter electrode was

placed inside the hub. Enzyme-carrying hydrogel=Au electrodes were located inside the fluidic

channels and served as working electrodes. Therefore, each fluidic chamber constituted a three-

electrode electrochemical cell. All electrochemistry experiments were performed using a CH

Instruments (CH1820B) bipotentiostat.

Calibration of H2O2 biosensor

Prior to detecting cell-secreted H2O2, performance of enzyme-electrodes was characterized

using known analyte concentrations. To detect H2O2, hydrogel=Au electrodes were poised at

�0.2 V (vs. Ag=AgCl) and then exposed to aliquots of H2O2 ranging from 0.02 to 2 mM. In

these experiments, 40 ll of a given H2O2 concentration was infused into a fluidic chamber.

Current vs. time response of the biosensor was recorded under static conditions (no flow). Sub-

sequently, microfluidic device was disassembled, extensively washed with PBS, reassembled

and infused with a different (higher) concentration of analyte.

Detecting H2O2 release by activated macrophages

Mouse macrophage cells (J774A) were cultured at 37 �C with 5% CO2 in phenol red-free

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum

(FBS). These cells were grown in suspension culture in 50 ml bioreactor tubes (Techno Plastic

Products) on a rolling apparatus (Stovall). The cells were passaged two times a week by centri-

fuging and re-suspending in fresh culture media.

Prior to cell seeding, 1 ml cell suspension was concentrated by centrifugation and was

resuspended in DMEM at �15� 106 cells=ml. Cell seeding and washing steps were carried out

in the microfluidic device. 50 ll of cell solution was placed in the inlet and introduced into the

microfluidic channel by pulling the syringe at the flow rate of 10 ll=min. Flow was stopped

once cells filled the channel. After 30 min incubation, 1� PBS was injected into the channel at

a flow rate of 50 ll=ml to wash away unbound cells. DMEM with 100 lg=ml of PMA was

also delivered into the microfluidic channels to induce mitogenic activation of macrophages.

Release of H2O2 from activated macrophages was monitored using amperometry over the

course of �3 h. Electrochemical monitoring of H2O2 secretion from macrophages began

40 min before stimulation with PMA and continued for additional 140 min in the presence of

the stimulant. The flow was stopped during electrochemical measurements of cell-secreted

H2O2 in order to eliminate convection and help pre-concentrate secreted analytes in the vicinity
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of the cells and electrodes. Controls for these experiments included monitoring of cells without

PMA activation as well as challenging peroxide-sensing electrodes with PMA in culture media

without cells. These controls were designed to prove that unstimulated macrophages did not

release appreciable amounts of H2O2 and that PMA or components of the culture media did not

interfere with electrochemical detection of H2O2.

To better characterize dynamics of H2O2 production in macrophages we monitored intracel-

lular ROS using a reported molecule 20-70-dichlorodihydrofluorescein diacetate (DCFH-DA). In

these experiments, J774 macrophages were seeded into 6-well plates and incubated with 5 lM

DCFH-DA in phenol-red free DMEM for 30 min at 37�. Subsequently, cells were washed

extensive in PBS to remove DCFH-DA that did not penetrate the cells. The macrophages were

stimulated by adding PMA into DMEM to create 1 lg=ml concentration. Fluorescence was

measured every 10 min for 2 h post stimulation using plate reader (Tecan) employing excita-

tion=emission of 490 nm=530 nm. Plates were stored in a tissue culture incubator between

measurements.

RESULTS AND DISCUSSIONS

In this study, we leveraged dual functionality of PEG hydrogel—as both a non-fouling sur-

face and a matrix for enzyme entrapment—to micropattern cell attachment sites next to

enzyme-based electrodes. Micropatterned surfaces were enclosed inside a microfluidic device to

create an electrochemical cell with a small (�3 ll) volume. The design of the biointerface

allowed us to reproducibly position small groups of cells in the proximity of HRP-containing

electrodes and to monitor real-time H2O2 release from activated macrophages.

Fabrication of hydrogel=Au electrodes

Our device consisted of an array of 2� 4 Au electrodes fabricated so as to position 4 elec-

trodes inside each channel of a two-chamber microfluidic device (see lower panel of Figure

1(a)). The second channel of the fluidic device provided either a negative control (cells receiv-

ing no stimulation) or was used to expose cells to a different stimulant. PEG hydrogel photoli-

thography was used to convert Au micropatterns into enzyme-based electrodes. This hydrogel

micropatterning technique is similar to traditional photoresist lithography as it involves the

same spin-coating, alignment, exposure, and development steps. Using this process, enzyme-

containing hydrogel disks (600 lm diameter) were fabricated directly on top of circular 300 lm

diameter Au electrodes. Importantly, photomasks were designed such as to fabricate moats (300

lm wide) in the gel layer (see Figures 2(a) and 2(b) for images of electrodes and hydrogel pat-

terns). Because PEG gel is non-fouling, immune cells were expected to attach on the glass sur-

face at the bottom of each moat in the immediate vicinity of HRP-based electrochemical

biosensors.

Micropatterned surfaces shown in Figure 3(b) were incubated with cell-adhesive ligands

(collagen (I) or fibronectin) to promote macrophage attachment to these regions. As a proof of

concept, Figure 2(c) shows selective adsorption of fluorescently labeled protein molecules on

the annular region of glass that was left unprotected during hydrogel fabrication process. This

highlights our ability to define sites of protein attachment on the micropatterned sensing

surface.

Optimizing performance of H2O2-sensing electrodes

After fabricating enzyme-based hydrogel=Au electrodes and outfitting these electrodes with

microfluidic channels, we characterized the response of these microdevices to known concentra-

tions of H2O2. It should be noted that H2O2 can be reduced or oxidized at negatively or posi-

tively poised electrodes. Given the oxidation of interfering substances such as ascorbic acid and

uric acid at potentials exceeding 0.4 V vs. Ag=AgCl reference,33 detection of peroxide is com-

monly carried out at reductive (negative potentials) according to the reaction presented

below34,35
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H2O2 þ 2Hþ 2 e� ! H2O reduction (1)

While the reduction reaction may occur in the absence of HRP, immobilizing enzyme mole-

cules on the electrode dramatically improves sensitivity of the biosensor. As discussed later in

this paper, we observe 60 fold signal enhancement with HRP-containing electrodes compared

to electrodes without HRP. This enzyme catalyzes the reduction reaction shown above by

donating electrons (from the iron-containing heme cofactor) and becoming oxidized in the pro-

cess.36 In nonelectrochemical HRP-based assays, a substrate is used to help revert enzyme mol-

ecules into reduced state. The biosensor described here relies on direct electron transfer from

the electrode to HRP to revert the enzyme into active form. The reductive currents appear at a

negatively poised electrode when HRP catalyzes breakdown of H2O2.

Prior to carrying out cell detection experiments, we wanted to optimize performance of the

biosensor. Specifically, we characterized the dependence of sensor responses on HRP loading

into the hydrogel and on the working potential. PEG prepolymer formulations with varying

amounts of HRP were prepared to create 1:10, 1:5, 2:5, and 4:5 volumetric ratio of HRP:PEG

solution. Hydrogel-coated Au electrodes were poised at �0.2 V vs. Ag=AgCl reference and

challenged with 200 lM H2O2. As shown in Figure 3(a), the sensitivity of the hydrogel-coated

electrodes was dependent on the enzyme loading. Hydrogels created with higher HRP to PEG

ratios provided stronger response to 200 lM H2O2, with hydrogel=Au electrodes based on 4:5

HRP:PEG ratio providing the highest reductive current. Please note that enzyme loading ratios

above 4:5 (v=v) led to problems with gelation of the prepolymer and therefore could not be

used in our experiments. Based on these results, biosensors used in all subsequent experiments

were prepared using 4:5 (v=v) ratio of HRP to PEG.

FIG. 2. (a and b) Au electrodes (300 lm diameter) integrated with hydrogel microstructures (600 lm diameter). A 300 lm

wide ring around each electrode served as a site for cell attachment. (c) Brightfield=fluorescence overlay image showing

fluorescently labeled protein (avidin-Alexa546 (red)) deposited in the site of cell attachment. This picture highlights that

hydrogel structures were non-fouling and that proteins adsorbed only on the exposed glass regions. This micropatterning

strategy was used to reproducibly position cells next to electrodes.
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We also investigated the optimal reduction potential for performing H2O2 detection. In

these experiments, hydrogel=Au electrodes with and without HRP were poised at potentials

ranging from �0.3 to 0.3V vs. Ag=AgCl and were challenged with 200 lM of H2O2. Figure

3(b) reveals several insights into signal vs. applied potential relationship: (1) hydrogel modified

electrodes exhibited higher current density at reductive (negative) voltages, (2) HRP-containing

hydrogel=Au electrodes were� 60 times more sensitive to H2O2 compared to gel-coated elec-

trodes without enzyme at working potential �0.2 V, and (3) the presence of HRP in the hydro-

gel did not contribute to improved sensitivity at oxidative (positive) potentials. Based on these

observations, we chose to employ HRP-modified hydrogel=Au electrodes at �0.2 V vs.

Ag=AgCl reference. While electrodes poised at more negative potentials were more sensitive,

we chose to operate our biosensors at �0.2V to avoid interference due to the reduction of oxy-

gen that is known to occur at more negative potentials.37

Calibrating H2O2 biosensors

We proceeded to characterize the response of the hydrogel=Au electrodes to known con-

centrations of H2O2. All experiments were carried out inside microfluidic devices (see lower

panel of Figure 1(a)). The changes in cathodic (reductive) current were observed upon infusion

of varying H2O2 concentrations into the microfluidic chamber. Figures 4(a) and 4(b) show typi-

cal responses of biosensors to challenges with known concentration of analyte. These amperom-

etry experiments show the response time of the biosensor—defined as the time to reach 90% of

signal—to be �10 s. Sensor responses to predefined H2O2 concentration where used to con-

struct calibration curve shown in Figure 4(c). This calibration curve shows a linear response of

HRP=hydrogel=Au sensing electrodes from 2 lM to 500 lM H2O2 with an R2 value of 0.96.

The H2O2 biosensor had sensitivity of 27 lA=mM�cm2 and the detection limit of �2 lM. The

linear range of our biosensor extended up to 2 mM (data not shown); however, given that cells

FIG. 3. (a) The effect of HRP loading on the biosensor response. Ratios represent v=v of HRP in PEG prepolymer solu-

tions. Hydrogel-coated Au electrodes were poised at �0.2V vs. Ag=AgCl references and were challenged with 200 lM

H2O2. Amperometric responses from different electrode formulations were normalized by the response from a 1:10

HRP:PEG hydrogel coating. (b) Electrical responses of electrodes to 200 lM H2O2 at working potentials ranging from

�0.3 to 0.6 V vs. Ag=AgCl reference. Electrodes coated with HRP-PEG were compared to electrodes covered with PEG

hydrogel only.
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were expected to release relatively low amounts of H2O2, we chose to present a lower concen-

tration range of this analyte.

Detecting H2O2 release from activated macrophages

After validating biosensor response in a cell-free system, we wanted to monitor endogenous

H2O2 production by macrophages. Macrophages are important immune cells that actively par-

ticipate in inflammatory processes by secreting cytokines and ROS.4 Our eventual goal is to

employ microdevices for profiling oxidative burst and cytokine production in macrophages iso-

lated from clinical samples. The goal of the present study was to demonstrate the utility of our

microdevice for the detection of cell-secreted H2O2. For this purpose, we used a mouse macro-

phage cell line (J774) that could be mitogenically activated with PMA to induce H2O2 release.

Cells that did not receive PMA stimulation were used as a negative control in our experiments.

The ability to control cell attachment in relation to the sensing element is an important feature

of our biosensor platform. The use of a micropatterned, non-fouling hydrogel layer has the fol-

lowing advantages: (1) cells were not attaching on top of the electrodes and were not interfer-

ing with electrochemical measurements, (2) cells could be reproducibly positioned in the prox-

imity of electrodes in order to detect non-steady state metabolite fluxes, this would be

particularly useful when dealing with clinical samples that may not have a lot of cells, and (3)

attachment sites next to the electrodes may be modified in the future to capture monocy-

tes=macrophages or other cell types from a heterogeneous clinical sample (e.g., blood). Figure

5(a) shows representative image obtained after seeding macrophages on the micropatterned

hydrogel=electrode surfaces. As seen from this image, cells with DAPI (blue)-stained nuclei

attached in ring-shaped glass region formed within PEG hydrogel. Enzyme-carrying hydrogel

disks formed on top of Au electrodes did not support cell attachment and remained non-fouling

for the duration of experiments.

Figure 5(b) shows representative sensograms collected in our devices under different stimu-

lation conditions. As shown in the upper sensogram, stimulation of macrophages with PMA led

to appearance of reductive (negative) current that is associated with HRP-catalyzed breakdown

of H2O2 molecules. The maximum signal (net current change 8 pA) was observed after 60 min

of PMA stimulation, after which the signal became weaker over the course of next 60 min. The

H2O2 secretion from �1000 macrophages under PMA stimulation was 10.3 6 1.53 lM (n¼ 3).

As demonstrated in Figures 4(a) and 4(b), our sensors show fast response to predefined

concentrations of analyte, reaching 90% of maximal signal after �10 s, yet when tested with

macrophages signal changes over the course of 60 to 90 min. It is therefore highly likely that

dynamics of sensor response are defined by cellular activity as opposed to mass transport of

analyte to the biosensor. To further corroborate this point, we tested intracellular production of

H2O2; reasoning that detection of analyte inside the cell would not be influenced by diffusion

and would allow to focus solely on cellular activity. In these experiments, macrophages were

incubated with peroxide-sensitive intracellular fluorophore dichlorodihydrofluorescein (DCFH)

and activated with PMA as described above. These experiments (data not shown) revealed that

intracellular ROS, as indicated by fluorescence signal, was increasing in activated macrophages

over the course of 1 h, mimicking responses of extracellular electrochemical sensor. In addition

to our own observations, there are published reports describing oxidative burst occurring on the

time scale similar to that reported in this paper.38,39

Importantly, we carried out several control experiments to ensure that the signal observed

in Figure 5(b) was indeed due to cellular activity. These control experiments revealed that: (1)

no signal was observed from macrophages cultured next to hydrogel=Au electrodes without

stimulant PMA (middle sensogram Figure 5(b)) and (2) no signal was observed in cell-free

devices that were infused with PMA dissolved in culture media (lower sensogram Figure 5(b)).

Additional control experiment involved fabrication of gel-covered electrodes without HRP and

was designed to test whether detection of cellular response required presence of peroxide-spe-

cific enzyme HRP. When macrophages were captured near the electrode lacking HRP and were

stimulated with PMA, no reductive currents were detected and sensograms were similar to those
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shown in Figure 5(b). This control experiment further validated that the analyte produced by

cells and detected at the sensing electrodes was indeed H2O2.

The findings described here are in line with our previous report of detecting extracellular

H2O2 using fluorescent (Amplex Red=HRP-based) hydrogel microstructures.39 However, we

found electrochemical biosensor to provide more robust, sensitive and reproducible results com-

pared Amplex Red-based detection scheme. It should be noted that the H2O2 production in

macrophages measured in our paper is comparable to literature reports (0.03 nmol=103 cells=h

in this paper vs. 0.05-0.13 nmol=103 cells=h (Refs. 40–42)).

CONCLUSIONS

In this paper, PEG hydrogel micropatterning was employed to both fabricate HRP-contain-

ing electrochemical biosensors and to define living cell=biosensor interface. These

FIG. 4. (a and b) Amperometric responses of HRP=hydrogel=Au electrodes to 5 lM and 100 lM H2O2. (b) Calibration

curve of current vs. analyte concentration. HRP=hydrogel=Au electrodes showed sensitivity of 27 lA=mM�cm2 and the

detection limit of �2 lM H2O2. In both sets of experiments electrodes were poised at �0.2 V vs. Ag=AgCl.
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micropatterned sensing=cell culture surfaces were integrated into a PDMS-based microfluidic

device and outfitted with flow-through reference and counter electrodes. This way a microflui-

dic chamber served the purpose of a three-electrode electrochemical cell with HRP=hydro-

gel=Au electrodes serving as working electrodes. Macrophages injected into the microfluidic de-

vice and incubated with the surface, adhered on the glass regions around the HRP-coated

electrodes. Importantly, the electrodes covered with PEG gel remained non-fouling and did not

support cell attachment during cell seeding and analysis. Microdevices with integrated H2O2-

sensing electrodes had sensitivity of 27 lA=cm2 mM and lower limit of detection of 2 lM.

Importantly, this microdevice allowed real-time monitoring of extracellular H2O2 produced by

activated macrophages. We envision employing microdevices described here for monitoring

oxidative burst in immune cells isolated from clinical samples. We also envision integrating

electrochemical biosensors into micropatterned co-cultures24 to simultaneously define and detect

endocrine signaling between two distinct cell types.
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